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AN EXPERIME3?!lTI STUDY OF THX 

ZDO-PJGLE-OF-ATTACK TRANSONIC DRAG ASSOCIATED 

By Robert R. Rovell 

An emeriz?zeni;al study has been mde of the  transonic  drag  associated 
witn vmying the ver t ical   loczt ior  of the horizontal t a i l  of e repre- 
sectative  tail-body combinetioa. The tail had zero incidence.  Factors 
which significantly  influenced the resul ts  were flow separation i n   t h e  
horizontal  tail-body  juncture, af-lerbody-teil-interference pressure drag, 
and a do-m-wash over the horizor\-tal t a i l  which resulted. from the boundary 
cor-ditions of the converging  afterbody. Inasmuch 8 s  these factors are 
present,  the  calculation of the erapermage drag by use of area-development 
methods my  possibly be subject  to  large  errors  in  cases where the  hori- 
zontal md vert ical  tails are  located  near  but  not  in the planes or" 
s m t r y .  

I l i O D U C T I O N  

The problem of determining the trsnsoaic-drag incremerst  due t o  the 
emperrnzge of en  airplane has become increasingly  important. -Modern 
nethods of predlcting the pressure  drag of smooth slender  bodies on the 
basis of longitudiml  area  developxents, such as reference 1, nay not 
be  readi ly   daptable   to  Y?e problem of determining e. q m t t t a t i v e  value 
f o r  the empemage drag  because of the  lwge local effects which are 
believed t o  be present  for nost empennage designs. It i s  the purpose of 
the present  paser t o  present the resul ts  of an experimental  hvestigation 
which was r ide   to   ewlore   the  erTfect of ver t ical   sosi t ion of a fixed 
horizontal  stabilizer on tine zero-angle-of-attack  transonic  drag of a 
tail-body combination and t o  detemdne, iI' possible, some of the major 
sources of empennage drag. 
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fie  investigation was carried out in  the  Langley  transonic blowdm 
tunnel.  The  tests,  which  covered a range of Mach  nimber from 0.72 to 1.28, 
were  made at a Reynolds  number  of  approximtely 10 x 10 based on moiiel 6 
length. 
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A photograph of the model and the  different enpermage codigurations 
tested  is   ?resented i n  figure 1. A sketch of the model including  perti- 
nent  dirEnsions i s  preser-ted i n  T i g w e  2. The body was coaposed of a 
parabolic Eose w i t h  a fineness r a t i o  OS 4.0, a cylindxical  center  section, 
and a pwabolic ef%erbody w i t h  a fineness- r a t i o  of 2.0. All of the con- 
f2gurations were co-n-structed of brass. Nor-dirnensional design  ordinates 
for the model LZlselage are presented in   t ab l e  I. %e four empennage 
corfigurations  investigated were obtained by c'nznghg t'ie ver t ica l  ioca- 
t i on  of' the horizontal t a i l  only. The campocents of %he empennage a d  
the  other  locating dizllensions remair-ed fixed. The four vertical   locations 
of the  horizontal te i l  correspoGded to   dis tences  of 0, 1, 2, and 3 base 
radii above the nodel  center  line. The horizontal tai l ,  which had en 
zspect  rctio or" 3.57, a tsper   ra t io  of 0.3, a sweepback of the  quarter 
chord of 45O, and NACA 65~007 airfoi l   sect ions  parel le l   to   tne  s t ream 
direction, was fixed at 00 incidence. Tfie ver t ica l  tai l  had the saae 
georretric  chwecteristics as the  horizontal tai l .  The cross-sectional" 
area developm-ent of the  five  cozdiguratfons  tested i s  presented i n   f i g -  
ure 3 .  

APPARATUS 

The tests were conducted in   the Langley transonic blowdam tunnel. 
'EMS tunnel has ar- octegond, slotted tes t   sect ion measuring 26 inches 
between f h t s .  The mdelwas   a t tached   to  an internal  axial-force  elec- 
tric strein-gage  balance which was sting supported in the tunnel. (See 
f ig .  2.) l%e angle of attack of t'ie m6elwas carefully set a t  zero 
w i t h  a  ser-sitive  ir-clir-onetsr. 

The pressure  acting on the  nodel  bcse w a s  neasured by means of 
inserting an open-end t&e through the sting and into an open section 
of  the  strain-gage  balznce. The pressure so measured was the  sverage 
pressure  acting on the open area or" the bese. 

Force data were recorded by photographing a sel2-balancing  poten- 
tiometer. The base-gressure &aka were photogrzphicelly  recorded simd"a- 
neously  with  the  force  measureuects by a quick-response  flight-type 
recorder. An indication of the  accuracy or" the measureFEEts mzy be 
o'otzined by consideration of the scat ter  of data  points  presented. 
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TESTS 
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Zero-angle-of-attack  ckag  of  the body alone  and  the  body  in  combi- 
nation  with  four  tail  configtiretiom WES detedned tizrougq a range  of 
bhch  ncnber  between 0.72 end 1.28. The  Reynolds  number  bzsed on body 
length  varied  between 9.7 x IO6 an& 11.3 x 10 6 as  indicated  in  figure 4. 
Schlieren  observations  indicated  that  the  tunnel-wall  reflected  disturb- 
ances  interfere6 wit2 the  model  in  the  Nach nmber  rmge betveen  about 
1.04 and 1.13. No data &,re presentea for  tkis  Mach  number rmge. 

The tests  were ma6e with a 1/16-inch-wide  strip of carborundun  parti- 
cles  running  spanwise md located  on  both  surfaces  of  tne  tails  at 10 per- 
cent  of  the  local  chord  behinci  the  leading  edge.  The  0.001-inch-diameter 
particles  were b l m  on a wet  strip  of  thinned  shellac.  Tlere  was also 
a similarly  constructed  l/k-ir~ch-vide  band  of  roughness arounci the  fore- 
body  of  the fmelage located 1 inch  back of tine  Eose.  Care  was  taken  to 
insl;Lre that the  roug:hess  strips  were  generally  tie sme for a l l  of  the 
tail  configurations. 

Durhg the  testing, some oil-flow  studies  and sone schlieren  obser- 
vations  and  photographs  were  rzde  to  indicate tine rBture  of  the flow 
araund  the  empennage  of  the  configura-iions. 

RZSULTS AX9 DISCUSSION 

Tae total-,  base-, and external-drag  coefficients  of  the  different 
tail  configurations  as  determined  by  the  tests  are  presented  in  figure 5. 
A corcgarison  of  the  variation of external-drag  coefficient  with  Mach 
number for the differmt configurations  is mde in  figure 6. Also pre- 
sented  for  conparison  in  figure 6 are  Yle  viscous  dreg  coefficients  at 
M, = 0.8 of  Kie boa alone  and  the  body  plus  tail  as  calculated  on  the 
basis  of  fully  turbulent  Tlaw  an6  equivalen%  Plat-plate  area  (ref. 2). 
Inasrrmch  as  $ne  xodel was tested  at  zero  angle of attack  rather  than  at 
zero  pitch,  the  qmntita"iive  values  of  drag  coefficient  presented do not 
in  all  cases  correspond  to  the trimEd cocdition. 

The  variation  in  subsonic-drag-coefficient  level  wifh changes in 
horizontal-tail  position, as ilzdicated in  figure 6, is believed  to  result 
from a nm-ber  of  factors.  Oil-flaw  studies =de at M, = 0.93 (fig. 7) 
shoved  that  oze of the  factors  was a varying  extent  of  flow  separation 
in  the  tail-body  ju"ctu-e  with  varying  vertical  position of the  hori- 
zontal tail.  The  conTiguration  xith tile horizontal  tail  on t'ne bo- 
center  line  (designated  tail 1) IIEC~ no  epparent  flow  separation. AS 
Uce  5orizontal  tail  was  moved  progressively  away from the  fuselage L. 

L 
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center   l ine   ( ta i l s  2, 3, and 4), t’Ge extent of the separated  region 
increased. A t  the most outward posi t ion  tes ted  ( ta i l  k ) ,  there was evi- 
dence of flow separation on both  the lower surface or“ the horizontal t a i l  
and on the  adjacent  surface of the body. Schlieren  observations  indi- 
cated  that  regions of supersonic flow surrounded the model Ef%erbody fo r  
Mach n u ? e r s   a s  lov  as 0.87. (See the  schliereo photographs a t  
M, = 0.93 i n   f i g .  8, for  exznple.) The observstiol? of supersonic flaw 
a d  discrete waves near  the  afterbody at-these subsonic  speeds  suggests 
t h s t  another  possible  factor  influelzcing the subsonic-drag-coefficiect 
level  i s  the change i n  interferer-ce  pressure  6rag with a change i n  the 
vertical  position of the horizozxtal tail. That t h i s   m y  be t rue is s q -  
gested by the  fact   that   there we differences  in base-pressLre  drsgs. 
(See, f o r  example, t a i l  3 i n   f i g .  5. ) Some of these interference  effects 
m,y be  favorzble. This fmorable  eTfect, 02 course, may account for  the 
t a i l  1 configuration  hving s subsonic level  slightly lower than that 
estimated on the  bzsis of viscous-drag  calculatiolzs  (fig. 6). Y e t ,  
another  factor haang  a signir”ic&nt  icyluence on the  subsonic-drsg  incre- 
ment due t o  t’ne t a i l  i s  the downwash imposed 0x1 the  horizontal-tail sur- 
?ace as a result of bost ta i l ing the ‘fuselage  a~f’erbody. Although the 
exact magnitude of the effects a t  subsonic  speeds due t o  the dmwash 
is not lmown, it should be recognized tha t  such an effect  is a factor 

and a horizontal  stabilizer which i s  located  nerr  but off the body center 
l ine.  

L influencing the  drag of a-ay configuration having a cozverging  afterbody 

- 
I n  addi t ion  to  the noted  variations in  the  subsonic-drag-coefficient 

levels,  there  uere a l so  differences i n   t h e  supersonic  pressure  drag  rise 
( f ig .  6). These results  are  substantiated t o  a l w g e  degree by  mpub- 
lished results obtained  om a similar investigakion made i n   f r e e  flight. 
An explanation  for some of %he differences  in  supersonic  pressure  drag 
r i s e s  i s  tha t  the factors which influenced the drag a t  subsonic  speeds 
persisted  into  the  supersonic speed  range. The regions of‘ flow  sepa- 
ration, though snall, were s t i l l   p r e s e n t  at  & = 1.24 (fig.  7). The 
variation  in  base-pressure  drag with vertical   location of the  horizontal 
t a i l  also s t i l l  persisted &t supersonic  speeds (f ig .  5 ) ,  thus  indicating 
varLations i n  afterbody  pressure  drag. Schlieren observations a t  a, EZach 
number of 1.24 (f ig .  8) showed that, i n   add i t ion   t o  changes i n  the flow 
fie ld  w i t h  a change in  horizontal-tail  loc&tson,  there was a gradual 
t3eflection of the nodel  supsort es the tsil was moved  away from the body 
center  line. This resu l t  was not  indicated a t  bb = 0.93. Apparently, 
t’iere was a decided  inczease i n  the dcrm load on the  horizontal t a i l  as 
the bkch number  became supersonic. 4- dum load on the tai l  i s  reflected 
as a reduction i n  pressure over the  boattailed  afterbody due t o  the 
redaced  pressures on the lover  surface of tine t a i l  which, of course, 
corresponds t o  e. drag  force. Checks  made t o  determine whether  such a 
deflection might ceuse  erroneous neasureraents es a  result  of: strain-gage 
interaction or small differences ir- model angle of attack  indicated that . the  possible errors i n  drag  coefficient co-dd be no  more than that indi- 
cated by the scakter of deta  points. 

- 
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in  order  to  obtain an indication of the  effective downwash due t o  
the  presence of the  boattailed  afterbody, a conpatation was na6e of the 
meac dmwash angle i n  the region of tke  most outvard  position of the 
horizontal ta i l .  The most outward position ( t a i l  4) was chosen s i x e  
it wes indicated  to  h&ve the  meatest   effective domwesh of the four 
expennage col?figizrations tested. The angle was conrputed by frrst deter- 
n?ining the  slope of the  streernlines  relakive t o  t'ne body axis i n  an 
assumed axisymmetric f ie15 aroun& Vr?e body, an6 "nn by in-tegrertlng the 
component of t h i s  slope i n   t h e  plane normal t o  the chord glane  along 
the 50-percefit-chor6 l i ne  of the  korizontal tail. The calculations 
were Fade on the  basis of slender-body  apsroximations fo r  a Mach nmber 
of 1.2. The calculated mean domwash angle  anomted t o  about 4.25*. An 
estinmtion was also made o?? the pressure  distribution that would exist  
over the body surTace at; 1% = 1.2 i f  the t a i l  were not present; ( f ig .  9). 
It was indicated that a t  supersocic  speeds there was, in   addi t ion  to the 
significant down-wash angle, a decrease i n   l o c a l  static pressure or an 
increase  In dynardc pressure  in the region of the t a i l  of this config- 
u s t i o n .  It i s  nost   l ikely that a coxbination of t i e  downwash angle and 
the  local   increase  in  dynanic pressure caused the incicated dawnload on 
the ta i l .  It should be  pointed  oat t h & t  down loading on the horizontal 
tail,  such as that just  discussed  in  cannection w i t h  the  boattailed after- 
body, i s  more generally  obtained  in  satisming the t r i m  conditions for 
a complete airplane  in f l i gh t .  The mgnitude of this interlerence drag 
result ing fron tine t a i l  load  required for trirz w i l l ,  of course, a lso 
depend  upon the  vertical   posit ion of the  horizontal t a i l  i n   t h e  sane II 

manner as indicated in   the  present   invest igat ion for the afterbody- 
induced t a i l  loads. 

It becomes evident from considering these possLble  drag  sources 
(t5at is, tirag due to   local   ia terference and separatioc, end drag 
resalting from loads on %he hor izonta l   t a i l )   tha t  one should. avoid 
a t te3pts   to  coxpute the absolute &rag of empennage configmatior-s such 
as those  tested  in  the  Fresent  investigation or+ the  basis of area devel- 
opxent alone. Tce area rule  i s  not  intended t o  be  applicable where such 
local flow phenomna exist .  

CONCLUDiNG RENARKS 

It has been  demonstrated  by wind-emel   t es t s  that the transonic 
zero  angle-of-attack  drag of a representative  zero-incidence  tail-body 
cambinctioa i s  significantly deger-dent ugon the vertical   location of the 
korizoztal ta i l .  Horizontal-tail  Locetions  nearest the plane of symmetry 
afI"or&ed the lovest  drags.  Factors  vhich  significm"bly Fnl"1uezced the 
remits were flow separation  in the horizoxtal-taiL-boCy  Jurrcture, 
afterboCy-tail-interference pres sue  drag, a dm-wash over the hori- 
zontal t a i l  xhich  resulted frm tce boundary coditior-s of the converging . 



afterbody.  Wsmuch BS these  factors  me  present,  the  calculation or“ 
the ertqennage drag by use OZ area-develogment methods may possibly be 
subject t o  large  errors  in  czses where t’ie horizontal an& vert ical  
-Lzils are  located.  nezr  but  not i n   t h e   p l a e s  of symmetry. 

Langley Aeronautical  Lzboratory, 
National Advisory  Cormittee f o r  Rerqnautics, 

Langley Field, Va., July 26, 1956. 

1. Holdaway,  George E.: Comgarison of Theoretical m d  Ekperimental  Zero- 
L i f t  Drag-Rise Chm-acteristics of Wing-Body-Tail  COmbim-Lions  Near 
the Speed of Sound. NACA EM A53IU7, 1953. 

2. Ridbesin, Morris W., &ydew, Renfiall C., and Vzrgz, Steven A . :  A n  
h l y t i c a l  and Zx-perineEtal kvest igat ion of the Skin Friction of 
the ‘Turbulent Boundary Layer on a Flat   Plate at Supersonic Speeds. 
NACA TN 2305, 1951. 



8 

TABLE I 

HONEILm-TSIONAL DESIGN aRDTNnTlgS OF BODY 

0 
-0357 
.071k 
.lo71 
.1429 
.1786 
.21&3 
.2500 
02857 
.3214 
-3571 
3929 

.4000 

.8000 

.8214 
8571 
8929 
.9285 
9643 

1 .oooo 

r/L 

0 
.0085 
.0162 
.0232 
.0294 
.0347 

. Oh29 
04 59 

.0480 

.0494 
00499 
.0w0 
.0w0 
00497 
0479 

0392 

.0446 
0396 

.02kg 
0323 
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Figure 1.- Photograph of model and different t a i l  configurations tested. 



Figure 2.- Sketches showing details and pertinent dimensions of the tail- 
fuselage combinations tested. All dimensions are in inches. 
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Figure 3.- The longitudinal  development of cross-sectional area of' the 
configurations with  and without tails. 
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Free-stream Mach number, % 

Figure 4.- The variation  with Mach number of the t e s t  Reynolds number 
based on model length. 
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.9 1.0 I. I 1.2 
Free-atrea= Mech E1m5er, 'Q 

(a) Body alone. 

Figure 5.- The  vsziztion in total-, base-, and external-drag coefficient 
with  Mach ntmber for the vcxrious tail configurations &s deternined by 
wind-tunnel tests. 
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Bree-etreaii hhch nmber, % 

(b) T a i l  1. 

Figure 3.  - Continued. 
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Free-etreaz! &ch nmber. Eb 

( c )  T a i l  2. 

Figure 5.- Continued. 
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Free-szrea &c3 rrrmber, % 

(a) T e i l  3.  

Figure 5.- Cantinued. 
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(e) Teil 4. . 

Figure 5.- Concluded. 
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Free-stream Mach number, k 

Figure 6. - Comparison of the external-draa;-coefficient variation with 
Mach number of the various tail-body  configurations and the body alone. 
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Flow seporation - .  Flow separation 
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M,= 0.93 

M,=1.24 
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Ta iI N 0.2 Tail No. 3 Flaw in tunnel 
window 

I Mo= 0.93 

Tail NO. I Tail NO. 2 Tail No.3 Tail NO. 4 

M 6  1.24 

L-93589 
Figure 8.- Side-view schlieren photographs of the tail-body  combination 

with the horizontal ta i l  at the various  vertical   locations  for 
M, = 0.93 and 1.24. 
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0 1 2 -3 4 5 6 7 8 9 10 
Fuselage station, b, 

Figure 9.- Computed pressure  distribution  over  the  fuselage  without  the 
t a i l  present. a, = O o j  M, = 1.2. 
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